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FOREWORD "

Recent requirements for increased strength and service life of machines and

structures have been met by the use of higher strength materials and new fabrication

and joining methods. Simultaneously, frIlures due to fracture have Increased rela-

tive to those resulting from excessive deformation. Frequently service conditions

are such that low temperature brittle fracture, fatigue fracture, and high temper-

ature creep rupture must be considered in a single system. National concern with

increased safety, reliability, and cost has focused attention upon these problems.

Methods are now available to predict both fatigue crack initiation life and crack

propagation life. Paradoxically the materials properties required for long fatigue

crack initiation life are incompatible with the requirements of high fracture toughness.

"Thus, the conflicting design approaches and requirements placed on the material are

confusing and often impossible to satisfy.

Numerous publications dealing with a variety of fracture problems have led to

many new and useful developments. However, the synthesis of the concepts into

methods for design, testing and inspection has lagged.

This program of study is intended to contribute to the integration, correlation,

and organization of mechanics and materials concepts and research information into

a form that will permit enlightened decisions to be made regarding fracture control.

Reports are in preparation in three categories:

1. Research reports designed to explore, study and integrate Isolated
and/or conflicting concepts and methods dealing with life prediction,

2. Reports to introduce and summarize the state-of-the-art concepts
and methods in particular areas, and

3. Example problems and solutions intended to illustrate the use of
these concepts in decision making.

H. T. Cor:en

J•.. Principal Investigator
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ABSTRACT

Thirty-four specirens of pure (0.9999+) aluminum were cyclically strained

under a variety of plastic strain ranges, plastic strain rates and temperatures In

an atmosphere of dry nitrogen. Stable cyclic stress strain data was recorded for

a variety of plastic strain rates and tem~peratures. A time-temperature parameter

method of analysis was found to give an adequate representation of the stable cyclic

stress-strain relationships for the conditions tested. The specimen surface was

observed with both light and electron microscopes to determine when and where

fatigue crack initiation occurred. Electropolishing was used to discover the depth

and relationship of the crack to slip bands and grain boundaries.

- The results showed that three forms of crack initiation were present. At low

temperatures, grain boundary splitting was common. At room temperature, prom-

inent slip band initiation was prevalent, and at high temperature vacancy coalescence

at the grain boundary was the major source of crack initiation. The number of cycles

to initiate a crack 0.002 deep at a given strain range was found to be independent of

the nature of the crack and both test temperature and plastic strain rate. ;.
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SStress-St rail| RtclSt

The stable cyclic stress-strain properties of a metal are generally quite

differcut from the metal properties obtained in a Imonotonic test. Thcrc is quitc

often a factor between two and ten in stress b'tAceen the first cycle of strain to ai

given limit (as in a monotonic test) and the stable value of cyclic stress at that

strain level, nmcasured at approximately one-half thc fatigue life. This factor Is

especially large when comparing amnnealed pure metals with their cyclically hardened

counterparts.

Whlle there Is adequate data in the literature relating stress-strain rcsponse

to temperature and strain rate for a monotonic test, there is little corresponding

data relating stable cyclic stress-strain responsc to strain range, strain rate, and

temperature. One approach is prcsented by Gain and Sinclair (1)°. They proposed

that stable cyclic stress-strain behavior could be represented as a function of two

dimecnsionless parameters.: one of whilch is a function at plastic strain rate and.

temperature, and the other is a function of cyclic stress and strain range. 'his

approach appears to give quite good results as an approximation of the stable stress-

strain behavior for pure metals. A more complete discussion of this method of pre-

dicting stress-strain behavior is included later under Results.

Mechanisms of Stable Cyclic Stress-Strain Behavior

A great deal of the research that has been done rela:°d to stable cyclic stress-

strain behavior deals primarily with the mechanisms of cy. ,. behavior, rather than

the value of the stable cyclic stress-strain relationship. At high homologous temper-

atures (0.4 of the melting temperature or above), several authors have characterized

the stress-strain mechanisms as grain boundary sliding, creep due to thermally acti-

vated internal diffusion, and formation of a stable orthronmbic crystal structure (2, 3,4).

[1 *Numbers in parenthesis refer to list of references.
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I'hi" stahl vlui of the cyclic stress dclw•nds on1 the" structurc. stroail I-atc, temix*- -

ature, a'nd purity of the metal. It appeirs that at teInipcriutires greater thau 0). 4 of
I

the nlcitin. point, the structure established resuli s in a lar gelr c'rol'l rat' with -in

InCreaSe in the I vII1)V" of cycles. Conversely, IL less than U. 4 of the flWittl, teni

perature, the stable structure cstabli shed r•sults it. a sig.ttl ican rt.dutiuno of crc,,l_

rate (3).

At lower temperatures thc mechanisms of stress-strtil Ix,lhaoVI havv lecn I

inore fully investigated, although the data is still spa rse. Atwalcd port, in'tals

cyclically harden by fonning a systent of cells whose walls Consilst Vf dislocation

tangles (5, 6). The size of the cell structure appears to bx determinable for each

set of strain ratc, temperature, and strain range. At strain rangrs greater than

0.8,, the cell size is constant without regard to strain range (7, 8,9). Most reserch

has been done on OHI-C copl•i, but the mech Wel stic results appear to lte also char-

acteristic of aluminum.

Several investigators have tabulated ý.onie cyclic stress-strain rawc data for

high purity aluminum, 1100 aluminum, and 01I:C copper (10). The similarities

between the strcss-strain behavior ol pure aluminum and pure copper are observcd

by Broom (11).

Vatiguc &.:rack Initiation

Several Investigators have surveyed iLe literature for a general approach to

the problem of fatigue crack inillation (12, 13, 14, 15).

There seems to be two views of the crack Initiation process at low temperatures.

Laird and Smith (13) feel that the mechanism of crack initiation at large stiain ampi

tudes is the same slip band form of initiation as at small strain amplitudes, but at theIWigh strain amplitude the portion of the life spent generating an initiated crack is

greatly shortened. Wood (14), however, feels that there are two different mechanisms

KA



uf t. i, c k Iniht tun. Accokiljni.g to Wood, si up iid, dt,.v,.-h lo lli n 'oI rocks wlily (t

lim- ll .N|r1",111 ltvc¶,' and ait high r lt rsLed stro ill iLv.A. tile crack- , 'cIl1. bt I al1. it lated

by fr XU-c " at tliiht' gr ain lloundtrivcs.

It Is guncra.'lly a 'grcl'l that, exccpt it' sp cita cl txi ni l tllitles such asI highi Vt' 11- r sI

ual C.OIIIarNsIV e si'resses at a w'jrfacc or large i tc'tmI flal:;. a fotigoe crack iAitint es

art a ru suIiract (14, 15). I'cricxitc removal of th0C. sjix cimcn surface reimlovCs• the ini-

titcd c r'c',ks and caln griiatly prolong fatige lft' (i .(i7). I

SThe size of the crocmik to be cal led ton illtia'j;l crac), ir of as Utillaount Importatncc

inllr investi'gation of crock iltiti to+l. The most rcv.saaif; li. estimnate of an initiated

k crack is onIe of sufficient sizc that it will o•ev th lawhi, of fracture nIcl.hanics. ii an

X -x l s l'rc., td N YC I.ell . 311 il ilxi't ,e! crack ap peatirs to proliagatte as a ioie I crack

I (normal to the axs of ioaaxinuan normal stress) regardless of the form of the initiated

crack, lIn puir copper, work by) Nakano (18) suggests that a out; to two grain dionwtrc"I
+ crock in ti rvlativeiy stmll grained material can be considered to be u crack that will

v the law. Sa...f...........d, will. .. ....... Na a- s a node i crack. At 0d I s

o of less thall one gRaill diallicter. crack lrngtti becomes somewhait arbttra ry and prob-

ably CMnnot OC analyzed sufficInitly to cstablish thut: (rack growth ratc with any degree

f of accuracy.

r There i-, tonside,-ra!kiie question as to the locatýon and origin of fatigue cracks on

- a frea surface, Many inveitigtairs have o!)erve6d crocks developing fromi lwrsistel;

slip bands (I1ý, 19, 20, 21, 22). A review of the Ixipers suggestimig promilnelit slip band

fatigue crvck initiation indicat.s that slip band initiation is the primary furim of crack

V initiation at moderate temn!ip•atures (0. 2 to 0. 4 melting temperature) an' mt small
i ~(less than 0. 5%) reversed strulins,

There is a great deal of discussion of thdi mechanisms which produce proni-

ncnt slip bands in one Investigation, the growth rate over a 50 cycle period pro-I Iduced an vverage! slip band displacement of about 1 )0 dislocw.:lons per cycle (24).

i IA
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It al~so apilteal~ that stllp Ildidiil,. li, Im la"Iel-t! III 111V llan s of I"'(Zit st it-i(Jlvq2(l Nile:',

t4tIcs CSS Wd that91 Sti llp l1IR~idS ajjl'ixi to1 g1roW IULI, Imo :rapidl'l). killuai cyde.

thilti othcers.

A mulic r Inivest igaitiont by Wa tts rt 411. (.IS) shims ii tht the Olp 1' hand du hout

11-C111111"'IFVi inIIIIIe(l:cy Ir~ a s~illwil wheic.J( a1 sct of 8lj1 kinuds has1 lxit.--1 ruiio'd I

clec i-pnI sh,.I lowtevvx, wlica "he~y rillid (it) do :Ici~llc, thu 11--W sill, hlatds arev a

i.I'II. icil liea of tile urigil ilil setk (if sill hiands. A Vi'i - goo0d T('viCV- Of 1he111C I-i-

Isin li th lo a io f sOlip kminds aItd fatigiir, catj* ii$Ati~ givenl h) Gr.SSkieut/

F an Ref. 12.

Stlp kminds. altlt.Icugi' p:roliivilw~t, "It, nut theoilfrl of Latipue C rack Initiation

6 ram11 hou11ndai i initiation has l ubee:. 4 setrN-Id at alnwist aill teml-craturcs anid :,train

rýt~ 00h), and sec tic to be j priwaury ca Ise (if fatigm.e ci ad. lint' .tioii at Ihigh recrsN,!

tit ri In amipl it dus (gn'ater thain ]`,) and at high tnp aois

At 1oW 1ciiijI' ratUrCS (leSS thanl 0.4i niclung tcmiii'-raturc) graina boundlary initiai-

tit to the stip hand motion, and fthe gram intuida ry is u wial it) ai couin iodate. the htl.4inl.

J, C0iSCIJLitntly, a SCII.-VatiiOim t fihe grain boundary dovelot aips inji~tiiitcs~ Ia niiCtrW.ac1'.

I ~Several ivivestiagltors halaz, observied gronin botindary cricking at lo\% teinqxr=,rt.:s

F(27, 28, 29, ph), j'ind Uiir.1 and N rause (31) have rlicorcico ly trraled a ni,'t xk] of crack

1lnaiiatlon dueI I(, la rge phi suc delormni ons of uni0 fo1r1 ilpa withimn a gratin,

Crccp c racks arc, of cotirsc', qu-Wt C0111111ii ~.t ý,rala ii bUtda ries and are foiniiwd

by the coalcscence 01 vacwicies that arc generated by high tiŽ: 'ratares or by the

gradual separation uf the gra~n boundaries by rejlŽated slip sill -cquent to thc formiation

(if tin ortlironibic gr-imi structtirc (21, 32",33).

It seemns, Ili general, Cult resi.archersn ha~e 'l),,vrv-d a great variety of crack

e i~nitbations under a great variety of conditions, bit no cleati cut research, 1hs been



done to delineate exactly what kind of crack will initiate under given conditions, or

how many cycles it will take to initiate a micrccrack. It is very difficult to match

studies since most investigators who studied crack initiation in aluminum did so in
4air where humidity has a great effect on the properties uf the oxide coat (19,34).

It is apparent that the effect of humidity is important in fatigue by comparing the life

k" of a specimen fatigued in dry air and one fatigued in moist air or water vapor (35, 36,

r 37,38,39). The specimen fatigued in dry air or a vacuum has a much longer fatigue

Slife than the one fatigued in humid air or water vapor, but there is disagreement

whether the presence of water vapor affected crack initiation, propagation, or both.

It appears, however, that dry nitrogen gives as long a fatigue life as a high vacuum(40).

tI
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MATERIAL, SPECIMEM', TEST SYSTEM, AND PROCEDURE

A total of 40 specimens were tested. Figure 1 is a photograph of the test spec-

Simen. A diametral configuration was chosen for the specimen because the likelihood

of buckling would be less at higher temperatures where the aluminum is very soft.

A 0.25 inch straight section in the center of the specimen allowed the diametral ,I

E gauge to be placed so that it was not on a two dimensionally curved surface. The

threaded ends were hollow to allow insertion of a small heating element for high

temperature tests. All specimens were machined from a 1-1/8 inch extruded rod . =.

of aluminum with the following impurities:

Si 0.003%, Fe 0.002%, Cu 0.002%, Mg 0. 001%0 Zn 0. 001%

Pure aluminum was chosen for this study because crack initiation would not be

affected by aging at higher temperatures, as it would be in a precipitate hardened1 aluminum alloy. Also, creep behavior may be studied in pure aluminum without
A resorting to temperatures higher than 4440K.

Specimen Preparation

Before testing, the specimens were recrystallized to an approximate grain

size of 0.001 inch by heat treating at 5340K for 15 minutes. A 10% solution of

Tucker's etch was used to remove any grease or foreign material on the specimen

surface. The threaded ends were coated with two coats of a stop-off lacquer designed

to prevent electropolishing in undesired areas. Specimers were then electropolished

for a total of 20 minutes, during which a total of 0.002 inch of the surface was re-

moved. The best surface results were from a 3400K solution containing phosphoric

acid, sulfuric acid, chromic acid, and water. The solution was stirred very gently

with a magnetic stirrer and the specimen was rotated 1800 about its major axis every

five minutes. A more complete description of the technique of electropolishing is

given !n Ief. 41.

- - .. .- ,
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-After electropolishing, the specimens were washed in water and methanol,

and placed in stoppered test tubcs containing a small amount cf desiccant.

The chromel-alumel thermocouples were discharge welded to the specimen

using 10 watt-seconds and a pressure of four pounds to weld the 0.010 diameter

thermocouple wires. It was necessary to clean the electrode with a file after each -

set of thermocouple wires were welded to prevent the wires from sticking to the

electrode and forming a poor bond with the specimen.

L Test System

"r The test system used was a closed-loop, servo controlled axial MTS test

system, very similar to the one described by Raske and Morrow (42). Wood's

metal (molten metal) grips were used to allow the specimen to be mounted withoutI "misalignment which could cause buckling.

Strain Control

Diametral strain was controlled ii accordance with a constant amplitude tri-

angular waveform for all tests below 355 0 K. A triangular waveform permitted the

specimen to be subjected to approximately constant plastic strain rate control. The

primary differences between a constant diametral strain rate, a constant axial strain

rate and a constant axial plastic strain rate are in the elastic region. Annealed pure

aluminum is very soft and has almost no elastic region. For the strain range of 2%

used, the strain is almost entirely plastic. Thus, the differences between these forms

of control for the tests are not Important.

At and above 3550K, the contact pressure of the diametral gauge needed to

maintain closed-loop control caused deformation of the specimen and could not be

used. Displacement control of the innermost thread of the specimen was used instead.

Diametral strain was still measured and recorded, but with a much lighter contact

pressure. The amplitude of the displacement was adjusted to maintain a constant

amplitude of diametral strain.

I 77-
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The diametral gauge used was constructed out of quartz rod and Invar to

minimize the influence of temperature dependent inaccuracy and drift. The actual

strain measurement was - .., i x,,J d clip gauge attached to the end of the quartz

rods as shown in Fig. 1. Experiments with a specimen of 7075-T6 werc used to

calibrate the gaugr in the elastic strain range and to establish its sensitivity, accu-

racy, and frequency response.

The strain gauge was suspended from the load cell by three springs. The

springs allowed the strain gauge to move vertically with the specimen, without

being supported by its contact with the specimen. The rnrain was zeroed when the

specimen reached test temperature. This induced a slight miscalibration of the

strain gauge due to the different gauge length caused by the thermal expansion and

contraction of the specimen. However, the value of this miscalibration is slight

and was neglected after consideration.

Test Environment

All tests were performed in a dry nitrogen atmosphere to eliminate the effect

of water vapor on crack initiation. Specimens were placed in the dry nitrogen a

minimum of one hour before they were subjected to cycling to allow any water vapor

that had been absorbed by the aluminum oxide outer layer to dry into the nitrogen.

Dry nitrogen was supplied through the continuous boiling of liquid nitrogen in

an external dewar. The dewar had a copper tube which both conducted the gaseous

nitrogen out of the dewar and allowed controlled access of heat from a resistance

element wrapped around the copper tuba and controlled by a varlac. Another copper

tube, wrapped with a resistance he'-ting element, heated the supplied nitrogen gas

to the same approximate temperature as the test. The capacity of dry nitrogen gas

supplying system was approximately one ft. /minute.

..N.. : . - . . • •• . r • " -" " " : '•
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Liquid Nitrogen Temperature 'Tests

For the liquid nitrogen temperature tests, a bath of liquid nitrogen was kept

in contact with the top and bottom of the specimen, and liquid aitrogen flowed down

the surface of the specimen. The nitrogen was supplied from an external dewar that

was pressurized at 2 psi. The liquid nitrogen was metered through a needle valve

which supplied enough liquid nitrogen to keep the specimen continuously enveloped

without inundating the test system.

Several types of temperature controller using cold nitrogen gas and a spray

arrangement were discarded because of an inability to keep the top and bottom of

the specimen at the same temperature. A constant temperature bath seems to be

the best solution for a low temperature test. One possibility for low temperature

test control would be tm use a cold nitrogen gas spray in conjunction with the heating

system described later. This was tried in one test with good results but abandoned

£t because of its complexity.

Temperature in all tests was monitored by two chromel-alumel thermocouples

attached to the specimen a short distance above and below the critical section. At

third thermocouple attached at the center section of a dummy specimen showed that

the temperature of the critical section was consistently within ± I"0 K of the temper-

ature of the two thermocouples.

Elevated Temperature Tests

Figure 2 is a drawing of the heating system used at temperatures from 300 KI ~to 4440 K. Each of the heating coils in the end of the specimen is independently con-

trolled by a closed loop silicon controlled rectifier (SCR) heating system activated

by the thermocouple nearest the heating coil. This system worked remarkably well

and maintained the center section within ± 10 K of the desired temperature, as mea-

sured by the dummy specimen.

N I , =
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The SCR controlled heating system used operational amplifiers to isolate and

amplify the output of the thermocouple. The output of the final amplifier was connected

through a resistor to the trigger of a SCR. The SCR was triggered within the first

700 of the electrical cycle, which meant that the power output could be changed to the

heating element by only about 15%. This prevented the heating system from oscillating

about the desired temperature, as can happen if the power to the element can be varied

greatly. The temperature could be varied by changing the zero on the triggering volt-

age and the sensitivity varied by changing the amplifying fector. The drift inherent

in the operational amplifiers contributed about 0. 5L K to the inaccuracy of the temper-

ature controller, and the unavoidable minor temperature oscillation contributed the 1

other i 0.50 K. j
Considerable variation of the parameters in the heating system was necessary

to make it respond to the given specimen configuration. Once it was in operation and j
"tuned" to the specimen temperature required, thermal mass of the specimen, and

heat ieakage through the specimen ends, it responded very accurately. The fact that

each end of the specimen had its own heating element and thermocouple permitted the

power requirements of each end to be independent. This arrangement avoided many

of the problems of single coil heating, such as non-symmetry of the heating coil,

different rates of heat leakage through the ends of the specimen, and temperature

crror due to convection currents. Also, the temperature gradient from the center

of the test section, inherent in resistance heating, was eliminated.

A one-inch thickness of a high temperature epoxy was used to insulate the

specimen from the load cell and the Wood's metal grip. The good thermal insulation

prop•orties of the epoxy reduced the amount of power needed per coil to establish a

specimen temperature of 4440K to less than 15 watts, so a uniform temperature

distribution on the specimen was not affected by the presence of large heat sources

Sand sinks.



The epoxy, being the softest part of the specimen-grip arrangement, sometimes

caused slight inaccuracies in the stress-strain recording at near zero load. The ram

was insufficiently fast to make the diametral strain response follow accurately the

command signal. Fortunately, at any load greater than 50 lbs. the epoxy was forced

tightly against the specimen grip and the chatter that could occur at zero load was

eliminated. Since all the data was taken at large values of load and strain, this char-

acteristic was relatively unimportant except at the start of a test, where care had to

be taken to avoid resonance.

I
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RESU LTS

A total of 34 specimens were loaded rapeatedly under a variety of plastic

I strain ranges, plastic strain rates, and temperatures. The surface was observe A

until significant surface damage was evident, and then the specimens were examined

with both the scanning electron and light microscopes. When initiated cracks were

present, the specimens were clet.,.,opolished to determine the nature, extent, and

depth of the fatigue crack initiations.

Stress-Strain Response

The stable hysteresis loop was recorded for a variety of plastic strain rates

and temperatures. Figure 3 is an example of typical frequency dependent variation

of the hysteresis loop with constant strain amplitude and several strain rates.

Although a single specimen was used to generate this family of curves, enough cycles

were performed at each plastic strain rate to assure that the behavior shown was char-

acteristic of that strain range and plastic strain rat(. Several tests were performed

entirely at one strain rate, and the stress-strain behavior they exhibited was com-

parable to that found for a single specimen family of curves such as Fig. 3. An

additional observation was that the stable cyclic stress-strain curve was not greatly

dependent on the heat treatment and grain size of the specimen. An as-extruded

specimen cyclically softened to approximately the same stable stress-strain behavior

to which the fully annealed specimens cyclically hardened.

The entire family of strain rate-temperature tests conducted is presented in

Fig. 4. The maximum strain rate, 10-2 /sec, is the highest strain rate that the

diametral gauge is capable of controlling without Inducing error due to inertial

response of the gauge. This plastic strain rate is hig eiLough to prevent creep

strain from being a significant contribution to the total plastic strain even at the

highest temperatures investigated.Ii
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t The spacing of the sets of points on Fig. 4 appe..rs to give a predictable effect

of frequency on stress for temperatures of 310 0 K and less. If the values for the

stable cyclic stresses at a giver temperature are divided by a stress characterizing

the highest plastic strain rate performed at that temperature (aO on Fig. 4), the

normallzed frequency effect on cyclic stress can be plotted as in Fig. 5. Here, the

relationship between plastic strain race and stable cyclic stress Is of the form !

k

This gives a result very similar to the theoretical relationship between plastic strain

rate and stress as explained by Tetelman (43).

At temperatures higher than 3100K the preceding relationship between plastic

strain rate and normalized stress does not appear to hold. Figure 6 is a plot of the

entire range of data. The points to the left of the low temperature area are thought

to have a lower stress than predicted by the previous relationship because of the

fr creep strain induced by the higher temperatures.

To verify this influence of creep strain, the test was stopped when the loop

became stable, and a creep rate test was performed under load control to attempt

to determine the amount of creep strain per reversal. In this way a good approxi-

mation of the creep strain per reversal was determined, and the points to the left

of the low temperature area in Fig. 6 all contained significant creep behavior.

An alternate method of presenting the stable stress-strain data is presented

in Fig. 7. This is essentially the parameter method developed by Gain and Sinclair (1).

They determined that stable cyclic stress-strain data may be represented by two

dimensionless parameters, which they call P and Q.

P, which is a function of plastic strain rate and temperature, is given by the

t form:

I
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, .14
RI R 1.99 cptligm-molc'K

-P I I n 6H* .3, 10 cal/gm-mole
p A 10 sac

where R is tho universal gas constant, T is the temperature in degrees Kelvin,

AH' is the activation energy for self diffusion, and A is a frequency factor.

The parameter Q is a function of plastic strain range and stress, and is given

by the form:

a .. L n' = 0.15

where ET is the temperature dependent elastic modulus and n' is the fatigue harden-

Ing exponent. The value of the temperature dependent elastic modulus is measured

froom the stress-strain data. The value of n is generally accepted to be 0. 15 and

this value is verified by the stable cyclic stress-strain histories in this study for

both 78vK and 2960 K,

The value of A, the frequency factor, is determined from Fig. 8. In this figure,

the strain rate-temperature values are taken from Fig. 4. The intercept of the con-

stant stress lines with the vertical axis determines the value of A.r As can be noted from Fig. 7, the parameter method provides a good represen-
tation of cyclic stress-strain behavior for data obtained in this study.

Fati- e Crack Initlaion

The surface of the electropolished specimens was monitored and the specimen

was examined with both light and scanning electron microscopes to determine when

cracks initiated. After several tests, it became relatively easy to determine when

a crack was Initiated in the surface layer of the specimem by observing the local

rumpling of the surface. The specimens were removed from the test system and

alternately observed and electropolished to determine the depth of the observed

Am



cracks. A crack was said to have initiated when it was about two grain dlaetcrs

in depth. This depth semas to be enough that fracture mechanics may b, applied to

detcrmine future crack growth. Research by Nakano supports this view (18).

SA preliminary testing of six specimens seemed to indicAte that tlxh form of

crack initiation (slip band, grain boundary) was not dependent to a greet extint on

Sthe amount of plastic strain per reversal in a range 0t plastic strains between 0, 5%

and 2%. For this reason, a value of 2% plastic strain per reversal was used in all

subsequent tests because it required less total strain (and hence less time) to cause

crack initiation. It is probable that plastic strains of less then 0. 25, per reversal

have different forms of crack initiation than those reported. Plastic strains of

greater than 2% per reversal caused cyclic buckling and necking at higher temper-

atures and were not investigated.

There appear to be three distinct forms of crack initiation in the aluminum.

At low temperatures (liquid nitrogen) slip is appaLrently easier within a grain than

at a grain boundary (44). This results in the dominant type of crack being a split

grain boundary with the crack appearing normal to the axis of maximum normal

stress. Figure 9 shows typical low temperature grain boundary crack initiation.

S [With higher temperatures (2960 K) the grain boundary splitting becomes less

typical and the more normal form of crack initiation, the dominant slip band, becomes

most prevalent. Here, the grain boundaries are ductile and allow the slip to be trans-

mitted through them, and the slip bands become prominent eno' 4h to develop into cracks.

As is evident in Fig. 10, considerable surface rumpling accompanies the process.

At high homologous temperatures and low plastic strain rates, typical creep

initiation cracks are formed. Grain growth and recrystallization are prevalent, and

cracks appear at grain boundaries and at points where three grains intersect.

IIFigure 11 Is an electron micrograph of a typical creep crack initiation site.

XK
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An attempt to correlate the type of initiation wilth the observed mechlunicalI

behavior was quite successful. Figure 12 shows that where creep behavior is

observed, creep cracks are likely to initiate. Conversely, whure slip behavior

is observed, slip bands or the low temperature split grain boundaries are likely

*. to occur. It is interesting that over quite a range of temperatureu either a slip or

a creep Initiation could be induced by varying the plastic strain rate.

These results are consistent with the precepts of stroinrange partitioning as

proposed by Manson and Halford (45,46). They postulated that if a material exhibits

creep behavior, then creep cracks will develop and a creep damage curve will pre-

dict the failure. Accordingly, if creep behavior is absent, then slip initiation will

precipitate failure. In the region where there is both creep and slip damage, the

damage due to each is summed independently, and failure Is predicted when the sum

of the two forms of damage equals one.

Thr parameter mcthod of Gain and Sinclair is also useful in interpreting the |

type of stress-strain behavior. In Fig. 13 the P/Q plot is interpreted in terms of

the ype of crack initiation that is present. As can he seen, the areas of creep

Initiation, a combination of creep and slip, and pure slip initiation fall within rea -

sonably distinct areas of the diagram. Since each point on the line represents an

infinite combination of stress-strain rate-temperature combinations, it may be

possible to predict the form of crack initiation from a plot of this type. Further

Investigation is necessary to verify this observation.

Cycles to Initiation

The number of cycles required to Initiate a crack for a given temperature is

shown In Fig. 14. There Is some inaccuracy present in this data, as it is very

difficult to determine the depth of an initiated crack by progressive electropolishing.

However, the trend appears clearly that the number of cycles to initiate any one of

A - --
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Itlic thrveeom o' crock, or somew combination of the two, does not oppecar to vary

Ssli8flcalistly as a !unction of temperature or plastic stzuiii rate. This bethavor is

consistent with the results of Coffin (47), who found that in it non-corrosive atnuou-

pherc the fatigue life was independent of the test tempirature and strain rate.

F lectroii vs. Light Mleruscope

"The differencc between SEM and light microscope in observing crack Iituation

is quite vivid. The light microscope is good for observing slip lines on the surface

and, after clectcropolhshing and etching, for observing grain bundarics and grain size.

Unfortunately, tie light microscope is very poor at differentiating between surface

rumpling and cracks. The shallow depth of field and the reflected light off the smooth

surface makes observation of fatigue crack initiation by light microscope all but impos-

sible.

The SEM complements the light microscope very well. With the SEM, surface

rumpling is quite easily distinguished from cracks. However, grain size and grain

boundaries are difficult to determine under many conditions, even with etched speci-

mens.

One factor that ma,-, crack initiation confusing to determine with the SEM is

that the oxide coat cracking is very pronounced, but does not provide a good view of

" ! the material beneath the oxide coat. For example, Fig. 15 contains three SEM

photos of specimers cycled to crack initiation with a slightly thicker than average

oxide coat, They appear quitu different from their counterparts in Figs. 9, 10, and

11. However, electropolishing these specimens 0. 0005 inch showed that the crack

initiation is the same type as would be expected without the oxide coat. It does not

appear that cracks initiate beneath cracks in the oxide coat, as proposed by Alden (19).

It is quite likely that the much larger strains in this study fractured the oxide coating

more extensively and reduced the importance of individual oxide coating cracks sig-I nificantly.
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CONCLUSIONS

I. The stable cyclic stress-strain response of pure aluninum may be represented

by a rate-stress equation. Two different methods were succcssful. The less geuneral

equation was

k

where o Is a normalizing stress at a given plastic strain rate, plastic strain range

and temperature. "T'his equation predicted strain iatc effects only when the metal did

not exhibit creep behavior.

Another approach which predicted material behavior for all ranges of stress,

-. plastic strain rate, temperature and plastic strain range was originally presented

by Gain and Sinclair (1). This method Involves representing the data in terms of

two dimensionless parameters: one of which is a function of temperature and plastic

retrain rate, and the other is a function of stress and plastic strain range.

2. Three distinct forms of crack initiation were evident. At 78V. grain boundary

splitting caused by an inability of the boundary to conform to !he deformation with' .

the grain was prevalent. At 3000 K. crack initi'.tion was caused primarily by slip

bands deepening into microcracks, and at 400 K, vacancy coalescence at grain

boundc.ries initiated most cracks. The form of crack initiation was primarily influ-

enced by temperature and plastic stzain rate.

3. The number of cycles at : 1%W, strain to initiate a 0. 002 inch crack in dry

nitrogen does not appear to be dependent on test temperature or plastic strain rate

within the limits of the tests performed.

iX
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4. Cracks in the oxide coating of the aluminum did not generally overlay cracks 4
in the alu ainum surface for the strain range investigated. The oxide coat cracking

bore a great resemblance to brittle lacquer coating cracking in many cases, and

presented an inaccurate picture of crack initiation unless removed by slight electro-

polishing.

, -~I i
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TABLE I

STABLE VALUE OF CYCLIC STRESS

AE , Plastic E Pla stic

T, Test p ýp a, Stable
Temperature, °K Strain Range Strain Rate/sec Cyclic Stress, ksi

78 0.020 102 31.80

78 0.020 10- 30.45

78 0.020 10-4 29.04

78 0.020 10-5 27.54

78 0.0025 10- 2  21.60

78 0.0025 10- 20.90

78 0.0025 I0"4 20.40

78 0.0025 10- 19.60

296 0.020 102 6.85
296 0.020 10-3 6.60
296 0.020 10-4 6,42

296 0.020 10-5 6.12

296 0.006 10"2 6.03

296 0.006 10-3 5.75

296 0.006 10 5.53

296 0.006 10-5 5.37

296 0.002 10-2 4.97

296 0.002 10-3 4.77

296 0.002 10-4 4.50

296 0.002 10"5 4.32

300 0.020 0o2  6.75

300 0.020 6.55

300 0.020 I0-4 6.30

300 0.020 10- 6.05
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TABLE 1 (Cont'd.)

STABLE VALUE OF CYCLIC STRESS

T, Test Af,, Plastic I, Platic ., Stable

Temperature, OK Strain Range Strain Rate/sec Cyclic Stress, ksl

316 0.020 10 2  6.55

316 0.020 10 6.28

316 0.020 10"4 6.00

316 0.020 10-5 5.75

355 0.020 I0-2  5.90

355 0.020 10- 5.68

355 0.020 10"4 5.30

355 0.020 10"5 4.93

400 0.020 10"2 5.15

400 0.020 10"3 4.95

400 0.020 '10'4 4.30

400 0.020 10"5 4.05

444 0.020 I0- 2  4.40

444 0.020 10"3 4.13

444 0.020 10-4 3.37

444 0.020 10 2.94

IXI
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